Although hemihepatic portal vein embolization (PVE) has been used preoperatively to extend indications for hepatectomy in patients with colorectal metastases, the effects of this procedure on tumor growth and outcome remain controversial. To address this issue, we assessed the proliferative activity of intrahepatic metastases after PVE and the long-term outcome of this procedure. Eighteen patients with colorectal metastases underwent preoperative PVE between 1996 and 2000 (PVE group). Twenty-nine patients who underwent major hepatic resection without PVE served as control (non-PVE group). The hepatic parenchymal fraction of the left lobe had significantly increased from 38.1 ؎ 3.2% to 45.9 ؎ 2.9% 3 weeks after PVE (؉20.5%, P < .0001). Tumor volume and percent tumor volume had also significantly increased from 223 ؎ 89 mL to 270 ؎ 97 mL (؉20.8%, P ‫؍‬ .016) and from 13.7 ؎ 4.3% to 16.2 ؎ 4.9% (؉18.5%, P ‫؍‬ .014), respectively. There was no apparent correlation between the increase in parenchymal volume and that in tumor volume. The Ki-67 labeling index of metastatic lesions was 46.6 ؎ 7.2% in the PVE group and 35.4 ؎ 12.6% in the non-PVE group (P ‫؍‬ .013). Long-term survival was similar in the PVE and non-PVE groups, however, disease-free survival was significantly poorer in the PVE group than in the non-PVE group (P ‫؍‬ .004). We conclude that PVE increases tumor growth and probably is associated with enhanced recurrence of disease. Although PVE is effective in extending indications for surgery, patient selection for PVE should be cautious. (HEPATOLOGY 2001;34:267-272.)
Hepatic resection provides the only chance for cure in patients with colorectal metastases. To extend indications for hepatectomy, hemihepatic portal vein embolization (PVE) has been performed in selected patients. [1] [2] [3] PVE induces homolateral atrophy of the portion of the liver scheduled for resection and contralateral compensatory hypertrophy of the remnant liver, thus decreasing the risk of postoperative liver failure. PVE is indicated when the remnant liver is expected to be very small, i.e., about 40% smaller than preoperative liver volume, or when tumor spread requires a right hemihepatectomy with partial resection of the left side of the liver. 4, 5 The positive effects of PVE on hepatic function must be weighed against recent evidence suggesting that this procedure may promote oncogenesis. Elias et al., have reported that after PVE liver metastases may grow more rapidly than liver parenchyma. 6 This assumption was based on a study of only 5 patients who had tumors in the nonembolized lobe of the liver, rather than the embolized lobe. In addition, they focused on tumor growth in the nonembolized lobe. Consequently, their findings were considered too premature to warrant contraindication of PVE in patients with colorectal metastases. 7, 8 When used in combination with arterial chemoembolization, PVE suppresses growth of hepatocellular carcinoma (HCC). 9 Long-term results of HCC resection after PVE have recently been shown to be better than or comparable with those of liver resection without PVE, 4,10 but little information is available on the effect of preoperative PVE in patients with colorectal metastases. 1, 11, 12 This retrospective study was designed to address 3 important questions concerning the effect of PVE on colorectal metastases: (1) Does PVE promote tumor growth after PVE? (2) Is tumor growth after PVE, if any, similar to or different from hypertrophy of the nonembolized lobe? (3) Is long-term outcome or tumor recurrence affected by preoperative PVE?
PATIENTS AND METHODS
Between June 1996 and November 2000, 96 patients underwent 114 hepatic resections (90 first resections, 20 second, and 4 third) for liver metastases from colorectal cancer. Forty-seven of these patients underwent major hepatic resection (resection of more than 1 segment of Healey 13 ), and 18 underwent hemihepatic portal vein embolization (PVE) preoperatively to enhance the safety of extended liver resection (PVE group). PVE was done for patients in whom the parenchymal resection rate was expected to be more than 60%. Twenty-nine patients who underwent major hepatic resection without preoperative PVE were studied as control (non-PVE group). Of the 18 patients in the PVE group, only 1 received intra-arterial chemotherapy [16 cycles of mitomycin C (4 mg bolus) and 5-fluorouracil (250 mg/2 hrs)]. This patient was initially considered as inoperable because of the multiple lesions involving all of the 4 segments of Healey. 13 After hepatic arterial chemotherapy, a small single lesion in the left lateral segment became unclear, and hepatic resection was planned.
As an adjuvant chemotherapy after liver resection, 5 patients of the PVE group took oral administration of UFT (uracil and tegafur, 300-600 mg/day, for 3 to 18 months), and 1 was administered intravenous Irinotecan (CPT-11, 200 mg/body, 4 doses). No adjuvant chemotherapy was done in the rest of the patients in the PVE group. In non-PVE group, UFT and 5Ј-deoxy-5-fluorouridine (5Ј-DFUR, 800-1200 mg/day) were administered orally in 8 and 3 patients, respectively. An intravenous 5-fluorouracil (250-500 mg/day) was administered in 5 patients. Two of them also received CPT-11 (170-210 mg/week). No adjuvant chemotherapy was done in 13 of the non-PVE group.
Percutaneous Transhepatic Portal Vein Embolization (PVE). Preoperative hemihepatic portal vein embolization was done as described previously. 4, 5 Briefly, an ultrasound-guided percutaneous puncture of the transverse portion of left portal vein was done under local anesthesia, with the use of a standard 5-F needle catheter. The catheter was advanced to the portal trunk to permit venous portography. A guidewire was then placed into the main right portal branch, and embolization was performed with a mixture of gelatin sponges (Spongel, Yamanouchi Ltd., Tokyo, Japan) and contrast medium. Several steel coils (Embolization Coils, Cook Inc. Bloomington, IN) were used to ensure embolization of the major portal branches.
Computed Tomographic Hepatic Volumetry. Transverse computed tomographic scans of the entire liver were taken in 1 breath-hold before and approximately 3 weeks after PVE (average 20.4 days, range 15-29 days), immediately before hepatic resection. Average interval between PVE and operation was 24.3 days (18-37 days). Total liver volume (TLV) was calculated by multiplying the area of each crosssectional enhanced liver image (in late phase with visualized hepatic veins) by the slice thickness (1 cm or 0.5 cm). 14 The right and left lobes were traced individually, and the volume of each lobe was calculated (RLV and LLV). The middle hepatic vein trunk and gallbladder were used as landmarks to define the borders between the right and left sides of the liver. Tumor volume (TV) was similarly estimated by manually tracing each tumor border. When there were multiple tumors, TV was the sum of all tumor volumes. Total hepatic parenchymal volume (THPV) was calculated by subtracting TV from TLV. Parenchymal volume of the left lobe (LPV) was calculated by subtracting TV in the left lobe, if any, from LLV.
Hepatic parenchymal fraction of the left lobe (%LPV) was calculated as follows: %LPVϭ100ϫLPV/THPV Gain in parenchymal fraction after PVE (⌬%LPV) was calculated as: ⌬%LPV ϭ %LPVpost Ϫ %LPVpre, where %LPVpre and %LPVpost were %LPVs before and 3 weeks after PVE, respectively.
Percent tumor volume was calculated as follows:
The change in %TV between the 2 computed tomographic scans (⌬%TV) was calculated as: ⌬%TV ϭ %TVpost Ϫ %Tvpre, where %TVpre and %TVpost were %TV before and 3 weeks after PVE, respectively.
Ki-67 Labeling Index. The proliferative activity of intrahepatic tumors was assessed on the basis of nuclear Ki-67 labeling index, as described previously. [15] [16] [17] In brief, after deparaffinization and inhibition of endogenous peroxidase, the sections were processed for avidin-biotin staining. The primary antibody used was monoclonal rabbit antihuman Ki-67 antigen (A0047, DAKO A/S, Glostrup, Denmark). The labeling index was determined by observing approximately 1000 nuclei in randomly selected areas from the region with the greatest antigen expression and calculating the percentage of Ki-67-labeled nuclei. Necrotic areas were disregarded, so that only viable tumor tissue was evaluated. This was done by an experienced pathologist who was blinded to all related data.
Statistics. All values are expressed as means Ϯ SEM. Mann-Whitney U test was used to compare group data. Fisher's exact test was used for 2ϫ2 categorical data. The level of significance was established at P Ͻ .05. Survival was calculated from the date of hepatic resection until death. Survival curves were generated by the KaplanMeier method and were compared with log-rank test.
RESULTS
Demographics and Operative Data. Patient characteristics in the PVE group and non-PVE group are summarized in Table  1 . There was no significant difference in age, sex, primary site (colon vs. rectum), histological type of primary lesion, temporal relationship (metachronous vs. synchronous), number of tumors, or surgical margin. Only the maximal tumor diameter differed significantly (6.80 Ϯ 1.00 cm in the PVE group vs. 4.86 Ϯ 0.66 cm in the non-PVE group, P ϭ .049). Synchronous metastases were defined as concurrent metastases or metastases occurring within 1 year after operation for the primary lesion. One patient in the PVE group was hepatitis B (HBs) antigen positive, and one in the non-PVE group was hepatitis C antibody positive. Liver function tests were normal in the above 2 patients and histology of liver parenchyma in the resected specimens was normal.
Portal Vein Embolization (PVE). PVE was technically possible in all attempted cases. Tolerance to PVE was excellent, and the only discernible side effect was moderate, transient fever, approaching 38°C to 38.5°C. There were no other complications related to PVE.
Operative Procedures. Operative procedures in the PVE group were right trisegmentectomy in 1 patient, extended right hepatectomy in 12 (including 2 who concurrently underwent wedge resection), and right hepatectomy in 5. In the non-PVE group, we performed right trisegmentectomy in 1 patient, right hepatectomy in 6, extended left hepatectomy in 1, left hepatectomy in 7, central bisegmentectomy in 1, and segmentectomy with wedge resection in 13 ( Table 2 ). The resected specimen weight and resected parenchymal fraction in the PVE group were 776 Ϯ 101 g and 48.3 Ϯ 4.5%, respectively. These values were significantly greater than those in the non-PVE group: 376 Ϯ 42 g (P ϭ .001) and 30.5 Ϯ 2.8% (P ϭ .003), respectively. There were not significant differences in mean operating time and intraoperative blood loss between PVE and non-PVE group, 397 Ϯ 18 minutes versus 397 Ϯ 17 minutes and 1,504 Ϯ 224 g versus 1,301 Ϯ 170 g, respectively. In the PVE group, there was no increase in surgical difficulty in controlling the vessels in the porta hepatis. Ligation of the right portal trunk was possible in all of the patients.
There was no operative mortality either in the PVE or non-PVE group. Transient signs of postoperative liver failure developed in 1 patient in the PVE group. This patient had jaun- Effect of PVE on Liver Volume. Hypertrophy of the portion of the liver scheduled to be preserved, i.e., the left lobe, was evident in all patients in the PVE group. The parenchymal volume of the left lobe (LPV) had significantly increased from 385 Ϯ 34 mL to 464 Ϯ 28 mL 3 weeks after PVE (ϩ20.6%, P ϭ .0029). The hepatic parenchymal fraction of the left lobe (%LPV) had also significantly increased from 38.1 Ϯ 3.2% to 45.9 Ϯ 2.9% after PVE (P Ͻ .0001). One patient with a large left lobe (%LPVpre ϭ 72.2%) apparently did not meet the criteria for PVE. This patient also had a tumor in the left lobe, and PVE was attempted to enhance safety and increase the surgical margin for wedge resection, scheduled to be done concomitantly with extended right hepatectomy.
The average gain in the parenchymal fraction after PVE (⌬%LPV) was ϩ20.5%. There was a significant negative correlation between %LPVpre and ⌬%LPV (r ϭ Ϫ.716, P ϭ .0012, Fig. 1 ).
Change in Tumor Volume During Waiting Period After PVE. Of the 18 patients in the PVE group, 3 had tumors not only in the embolized lobe but also in the nonembolized lobe. The changes in the tumor volumes in the embolized and nonembolized lobes are shown in Table 3 . The following variables were assessed on the bases of data derived from tumors in the embolized lobe only.
Tumor volume (TV) had significantly increased from 223 Ϯ 89 mL to 270 Ϯ 97 mL 3 weeks after PVE (ϩ20.8%, P ϭ .016, Fig. 2 ). Percent tumor volume (%TV) also significantly FIG. 2 . Change in tumor size after PVE as shown by serial computed tomography. A 51-year-old woman underwent PVE before hepatic resection for colorectal metastases. The volume of her future remnant liver increased from 315 cm 3 (32.2%) to 485 cm 3 (40.6%) 3 weeks after PVE, thus warranting a safe right hepatectomy. However, tumor volume in the embolized lobe also substantially increased from 135 cm 3 to 260 cm 3 . Sets of computed tomographic scans taken at the same level before (above) and 3 weeks after PVE (below). 
FIG. 1. Correlation between preoperative hepatic parenchymal fraction of the left lobe (%LPVpre) and gain in parenchymal fraction after PVE (⌬%LPV).
There was a significant negative correlation between %LPVpre and ⌬%LPV (r ϭ Ϫ.716, P ϭ .0012). increased from 13.7 Ϯ 4.3 % to 16.2 Ϯ 4.9% after PVE (P ϭ .0139). The change in %TV between the 2 computed tomographic scans (⌬%TV) was ϩ18.5%. There was no apparent correlation between ⌬%LPV and ⌬%TV (r ϭ Ϫ.126, P ϭ .641, Fig.  3 ) or between %LPVpre and ⌬%TV (r ϭ Ϫ.083, P ϭ .783).
Ki-67 Labeling Index of the Metastatic Lesion.
The Ki-67 labeling index of metastatic lesions was 46.6 Ϯ 7.2% in the PVE group and 35.4 Ϯ 12.6% in the non-PVE group (P ϭ .013, Fig.  4 ). This index was determined for the most recent 30 cases studied (12 in the PVE group and 18 in the non-PVE group).
Long-Term Outcome After Liver Resection. The patients were followed up for 4 to 55 months (average, 23.5 months) after liver resection. The overall actuarial survival rate of the 18 patients in the PVE group was 59.7% and 47.8% at 2 and 4 years, respectively. These rates were comparable with those in the non-PVE group (67.8% and 50.2%, respectively, P ϭ .421), as shown in Fig. 5 . The disease-free survival rate in the PVE group was 15.2% and 0% at 2 and 4 years, respectively. These rates were significantly poorer than those in the non-PVE group (45.8% and 34.4%, respectively, P ϭ .004, Fig. 6 ). The most common site of first recurrence was the remnant liver in both the PVE and non-PVE groups (7 and 8 cases, respectively, Table 4 ). Three patients with recurrence underwent a second hepatectomy. The lung was the second most common site of recurrence in both groups. There was no apparent difference in pattern of recurrence between the 2 groups.
DISCUSSION
In our study, preoperative PVE induced sufficient hypertrophy of the nonembolized lobe of the liver and thus enhanced the safety of major hepatic resection in patients with advanced colorectal metastases. However, tumor growth during the waiting period after PVE was appreciable and perhaps was slightly promoted. Tumor volume significantly increased by 20.8% during the 3 weeks after PVE. On the basis of average values, we estimated that tumor-doubling time after PVE was 76.1 days. This value is slightly less than the reported average doubling time of 92.4 days for resectable liver metastases from colorectal carcinoma. 18 The significantly increased tumor Ki-67 labeling index in the PVE group (Fig. 4 ) also provides indirect evidence of increased tumor growth after PVE. Because tumor biopsy before PVE is not ethically acceptable, Ki-67 labeling index was not compared in the same patient before and after PVE, but was compared between the 2 groups of patients, the PVE group and non-PVE group.
Although the average volume gain of the nonembolized left lobe (ϩ20.6%) was similar to that of liver tumors (ϩ20.8%), these gains were not parallel in individual patients (Fig. 3) . Apparently, tumor growth after PVE is not controlled by the same mechanisms as hypertrophy of the preserved portion of the liver.
Tumor growth after PVE may be controlled by 3 factors: malignant potential of the tumors, changes in cytokines or growth factors induced by PVE, and changes in blood supply after PVE. In patients who undergo hepatectomy, the regeneration rate of the remnant liver during the first several weeks is directly proportional to resection rate. 19, 20 The significant correlation between the hepatic parenchymal fraction of the left lobe (%LPV) and the gain in parenchymal fraction after PVE (⌬%LPV, Fig. 1 ) is consistent with the direct relation between the regeneration rate and resection rate. This finding suggests that hypertrophy of the nonembolized lobe after PVE is controlled by the same factors as liver regeneration after hepatectomy. Our results are in accordance with those of other studies, in which PVE was used primarily in patients with HCC or bile duct cancer. 21, 22 Animal models of portal vein branch ligation have been recently used to assess molecular events after PVE. Several cytokines known to play important roles in liver regeneration are also expected to be key players after PVE. Expression of hepatocyte growth factor (HGF)-mRNA markedly increases in the nonligated growing lobe between 6 and 24 hours after ligation, but is only slightly elevated in the ligated shrinking lobe. 23, 24 Intraportal injection of exogenous HGF is known to stimulate liver regeneration after portal branch ligation in dogs. 25 Because HGF stimulates growth and motility of colorectal carcinoma cells in vitro, 26, 27 increased tissue levels of HGF may increase the level in plasma, 28 thus stimulating the growth of hepatic tumors not only in the nonembolized lobe but also in the embolized lobe.
Negative regulators of hepatocyte proliferation, such as transforming growth factor (TGF)-␤1 and interleukin (IL)-1␤ are strongly expressed in the ligated shrinking lobe in rats. 24 Because TGF-␤-signal transduction is abnormal in approximately one-third of all colorectal carcinomas with distant metastases, 29 intrahepatic tumors might be resistant to growth suppression induced by TGF-␤.
Another factor potentially stimulating tumor growth after PVE is increased hepatic arterial blood flow after embolization of the portal branch. 30 This arterial compensation has long been known to occur after reduction of segmental portal blood flow. 31, 32 Computed tomographic studies of the hepatic parenchyma estimate that arterial blood flow in embolized segments is 1.7 times that in nonembolized segments. 33 Portal branch occlusion also decreases hepatic artery resistance index in the embolized lobe, without modifying total portal flow. 34 Because intrahepatic metastases depend solely on arterial blood supply, 35 increased hepatic arterial flow may provide nutritional advantages for tumor growth. Table 5 summarizes events known to take place after PVE.
In their first article describing the possibility of rapid intrahepatic tumor growth after PVE, Elias et al. 6 focused only on tumors in the nonembolized lobe. Given that many events that occur after PVE (Table 5) , tumor growth should be estimated separately in the embolized and nonembolized lobes. Because only 3 patients had tumors in the nonembolized lobe in our series, we primarily assessed tumor growth in the embolized lobe.
A direct comparison of long-term outcome after liver resection between the PVE group and non-PVE group may lead to erroneous conclusions, because the 2 groups differed with respect to maximum tumor diameter (Table 1) . However, similar survival in the PVE group and non-PVE group despite the larger tumor size in the former indicates that major hepatic resection after PVE is a useful treatment strategy in patients with advanced colorectal metastases. Randomized controlled trials are not technically or ethically feasible because most candidates for PVE have advanced disease, unresectable without preoperative PVE. Only a few studies have evaluated long-term outcome in patients with colorectal metastases who underwent PVE followed by liver resection. Kawasaki et al. reported on 5 patients, 4 surviving for more than 3 years and 1 surviving for more than 5 years. 1 Azoulay et al. have recently reported a 5-year survival rate of 38% in a series of 19 patients who underwent liver resection after PVE, with an operative mortality of 4% (1/19). 12 Of the 30 patients who underwent PVE in their series, 11 (37%) did not receive liver resection, mainly because of extensive tumor spread at laparotomy. In DNA synthesis in hepatocytes (rat) 24 No increase Increased (peak at 36 hrs) Expression of HGF-mRNA (rat) 23, 24 Slightly elevated Markedly increased Expression of TGF-␤, IL-1␤-mRNA (rat) 24 Strongly expressed Hepatic arterial blood flow (human) 33 Increased by 1.7 times Hepatic artery resistance (human) 34 Decreased Unchanged Portal flow (human) 34 Increased HEPATOLOGY Vol. 34, No. 2, 2001 our study, no patient had disease progression severe enough to preclude surgery after PVE. It is unclear whether the significant difference in diseasefree survival between the PVE group and non-PVE group was due to tumor growth induced after PVE or to other demographic differences between the groups. Further study is needed to define the effect of neo-adjuvant or adjuvant chemotherapy in patients who undergo liver resection after PVE. Segmental arterial compensation after PVE 33 may facilitate transarterial infusion chemotherapy for liver tumors in embolized hepatic segments.
In conclusion, preoperative PVE induced sufficient hypertrophy of the preserved portion of the liver and thus decreased the risk of major hepatic resection in patients with advanced colorectal metastases. There was no operative mortality in our series, and long-term survival was similar to that of patients who underwent major hepatic resection without PVE. However, PVE increases tumor growth and probably is associated with enhanced recurrence of disease. Although PVE is effective in extending indications for surgery in patients with advanced colorectal metastases against which no other potentially curative treatment is available, 36 patient selection for PVE should be done cautiously.
